length loop. It has demonstrated satisfactory biomechanical properties and high failure loads for soft tissue graft fixation. 1, 7, 8) However, this device is technically demanding to use and does not allow complete graft fill in the femoral tunnel socket. In addition, a measurement error could result in insufficient graft length.
Adjustable-length fixation devices were designed to allow adaptation of a graft to the different tunnel lengths without leaving excess space inside the tunnel. The TightRope RT (Arthrex Inc.) is an adjustable-length loop suspensory fixation device that is usually used with FlipCutter (Arthrex Inc.). This combination allows proper grafttunnel fit. 7, 9) Compared with femoral fixation with use of a fixed-loop device, fixation with use of an adjustableloop device showed similar clinical outcomes.
10) However, some biomechanical studies have expressed concern that adjustable-length loop devices could result in loop lengthening and subsequent graft slippage compared to the fixed-length loop devices. 8, 11, 12) Under such circumstances, resultant excessive graft-tunnel motion at the tendon-bone interface might impair healing and integration of the graft, eventually resulting in knee instability and clinical failure. 1) However, in vitro study findings based on laxity measurements of specimens or isolated mechanical strength measures need to be corroborated with in vivo findings; 12, 13) the relevance of in vitro findings to in vivo results has yet to be determined. The purpose of this study was to compare graft healing in the femoral tunnel, implant-related failure, and clinical results between fixed-and adjustable-length loop devices in outside-in ACL reconstruction. The hypothesis of this study was that there would be no differences between the two kinds of devices in terms of the graft healing in the femoral tunnel, implant-related failure, and clinical results.
METHODS

Demographics
A total of 109 participants who underwent ACL reconstruction using the retrograde outside-in technique with femoral cortical suspensory fixation devices were recruited for this study from December 2010 to July 2014. The included patients (1) had an ACL injury with no other associated ligamentous injury of the involved knee; (2) underwent primary single-bundle ACL reconstruction using quadruple auto-hamstring tendon grafts, and (3) were available for postoperative magnetic resonance imaging (MRI) at 6 months after surgery. Patients with combined ligament injury and revision reconstruction were excluded. The included patients were divided into two groups according to the femoral cortical suspensory fixation device. The fixed-loop group (48 patients) received a fixed-length loop device using RetroButton (Arthrex Inc.) and the adjustable-loop group (61 patients) received an adjustable-length loop device using TightRope RT (Arthrex Inc.). The preoperative demographic data of the two groups were similar (Table 1) . Patients who were available for the last follow-up at more than 2 years after surgery were 22 (45.8%) in the fixed-loop group and 17 (27.9%) in the adjustable-loop group (Table 1) . The primary reason for exclusion from the final assessment was loss of followup ( Fig. 1) of patients who became asymptomatic and felt no need to return to see the surgeon or those who lived relatively far from the hospital. Assignment of patients to either the fixed-loop or the adjustable-loop group was not done by standard randomization but by the time the procedure was performed since the senior surgeon (JHA) changed the fixation device beginning July 2012. The surgery was performed using the fixed-length loop device from December 2010 to June 2012 and using the adjustable-length loop device from July 2012 to July 2014. The study was approved by the Institutional Review Board of Kangbuk Samsung Medical Center (IRB No. 2016-05-049). Informed consent was obtained from all the patient in the article.
Surgical Procedure
With the knee joint distended using an infusion pump, arthroscopic examination was performed through the anterolateral and anteromedial portals. For creation of the tibial tunnel, a guide pin was inserted from the proximalmedial tibial condyle to the center of the ACL tibial insertion using an ACL tibial drill guide (Linvatec, Largo, FL, USA) with a 50°. A cannulated reamer was used to match the diameter of the graft. The ACL tibial drilling guide or Acufex ACL femoral guide (Smith & Nephew, Andover, MA, USA) was introduced through the anterolateral portal. The femoral tunnel was usually adjusted to 7 to 9 mm according to the graft diameter. The guide tip was located at a point which is 4 to 5 mm anterior-distal from the posterior-proximal margin of the ACL femoral footprint. The femoral tunnel was placed within the inner margin of the cartilage and reamed with FlipCutter (Arthrex Inc.). After performing retro-reaming to a depth of 30 mm on the femoral tunnel, the FlipCutter was removed and the ACL graft was passed through the tunnel.
5)
Graft Fixation
Fixed-length loop device The RetroButton was used for femoral fixation. The graft sutures and button passed through the femoral lateral cortex, 3 cm proximal to the lateral epicondyle. Tension was applied to allow complete graft fill of the femoral tunnel. After the button was removed, the loop was fixed using a 4.5-mm cortical screw with washer to the lateral femoral cortex (Fig. 2) .
Adjustable-length loop device The TightRope RT (Arthrex Inc.) device was used for femoral fixation. The passing suture and tensioning sutures were passed through the tibia and out of the femur.
The button was pulled through the femur to exit the lateral cortex, and the graft was moved forward by tension on the TightRope with the strands shortened. The free suture ends were secured with three half-hitch suture knots tied with an arthroscopic knot pusher (Fig. 2) . Then, the tibial side of graft was secured with a bioabsorbable interference screw and post-tied using a 4.5-mm cortical screw.
Analysis of graft healing and implant-related failure MRI was performed on a 3.0-T unit Magnetom (Siemens, Munich, Germany) using a standardized protocol for the knee in the neutral position. The grafts were evaluated by MRI 6 to 7 months postoperatively. Coronal T2-weighted fast spin echo images were examined as follows. First, to determine the presence of synovial fluid at the exit of femoral tunnel between the end of the graft and the exit of the femoral bone tunnel, T2 potentiated sequences, most helpful for detection of fluid-sensitive sequence, were used. If an area of higher signal intensity was observed between the graft and the bone tunnel, it was classified as positive for the presence of synovial fluid (Fig. 3) . Then, to analyze graft healing and tendon-bone healing in the femoral tunnel, signal intensity was calculated to measure signal-to-noise ratios (SNRs). The signal intensity was calculated at three zones in the femoral tunnel (superior tendon-bone interface, tendon graft, and inferior tendon-bone interface) and the background (approximately 1 cm medial to the joint line) using a 3.3-mm diameter region of interest (Fig. 4) . Region of interest measurements were performed perpendicular to the long axis of the tunnel at three distinct and standardized locations along the femoral tunnels in the coronal plane. The femoral tunnel aperture was calculated 0.5 cm from the joint-tunnel interface, the femoral tunnel midsection was the midline of the longitudinal axis, and the femoral tunnel exit was calculated 0.5 cm from the termination of the tunnel (Fig. 4) . As the quantification method for signal intensity, the SNRs at each graft site were estimated by dividing the signal of ACL graft by the background signal. The mean values of SNRs between superior and inferior tendon-bone interfaces were used to determine the SNR of the tendon-bone interface. 14) On the graft signal-to-noise quotient value, the intraclass correlation coefficient index for the intraobserver reliability showed satisfactory results. 14) All of the measurements were taken by the same investigator (TSK), and repeated measurements were made on two separate days with an interval of at least 1 week.
Evaluation of Clinical Results
Clinical evaluation was performed before surgery and ≥ 2 years after surgery using subjective functional examinations (International Knee Documentation Committee [IKDC] score and Tegner-Lysholm Knee Scoring [TLKS] scale) and two knee instability tests (pivot shift test and Lachman test). The subjective functional scores and the results of the instability tests were evaluated at the last follow-up. Both groups were divided into subgroups according to whether the last follow-up clinical assessment was performed.
Statistical Analyses
We hypothesized that the signal intensity at tendon-bone interface of the adjustable-loop group was noninferior to that of the fixed-loop group. On MRI analysis, graft signal was compared between the quadriceps tendon with bone block and hamstring tendon autografts. 15) The average SNRs at the middle lesion of the ACL graft was 2.0 ± 0.5 in quadriceps tendon with bone block and 2.4 ± 0.5 in hamstring tendon. 16) There was a 20% difference in the SNR values between the two groups. A sample size of 96 patients (48 patients in each group) was determined needed based on the hypothesis that there would be an 18% difference in SNR value at the exit of the femoral tunnel between groups, with a type I (α) error of 0.05 and a type II (β) error of 0.02 (80% power). Fisher exact test was used to compare the fixed-loop group and the adjustableloop group for categorical variables (sex and the presence/ absence of synovial fluid). A two-sample t-test was used to compare the continuous variables (age, follow-up time, SNR value, subjective IKDC score and TLKS scale) between the two groups. Fisher exact test was performed 
RESULTS
MRI Findings
On comparison of mean SNR values in the femoral bone tunnel, there were no statistically significant difference in graft signal intensity between all patients and patients available at the last follow-up (Table 2 ). There was a small number of patients in each subgroup, but these subgroups were representative of both groups. There was no sig- Values are presented as mean ± standard deviation. SNR: signal-to-noise ratio. (Table 3) . SNR values of the tendon-bone interface in the fixed-loop group were consistently lower than those in the adjustable-loop group at the three sites; however, there was no significant difference between the two groups ( Table 3) . The presence of synovial fluid at the exit of femoral bone tunnel was evident in six patients in each group, which corresponded to 12.5% in the fixed-loop group and 9.8% in the adjustable-loop group, showing no significant differences between groups (p = 0.762). In addition, two patients in the adjustable-loop group had a wide gap between the graft end and the exit of the femoral bone tunnel and one patient in the adjustable-loop group and the fixedloop group each showed a little gap (Fig. 5) . A wide gap was defined as a length of more than half the diameter of the graft between the graft end and the exit of the femoral bone.
Clinical Findings
Clinical evaluation scores and physical examination findings at least 2 years after the operation were compared with preoperative findings. There was no statistically significant difference in demographics and preoperative clinical characteristics between the two groups, except for preoperative the objective IKDC score. Significant improvement was observed in patients in the fixed-loop group compared to those in the adjustable-loop group in the IKDC subjective score (p < 0.001 and p < 0.001, respectively), Tegner-Lysholm score (p < 0.001 and p = 0.002, respectively), IKDC objective score (p < 0.001 and p < 0.001, respectively), Lachman test (p < 0.001 and p < 0.001, respectively), and pivot shift test (p < 0.001 and p < 0.001, respectively). There was no significant difference in the last follow-up clinical score and knee instability test between the two groups (Table 4 ). There were no complications or adverse events in either group.
DISCUSSION
The important finding of this study is that the SNR values indicated the adjustable-length loop cortical suspensory fixation device had no inferior graft healing effect in the femoral bone tunnel compared to the fixed-length loop device. In addition, synovial fluid at the exit of femoral tunnel and postoperative clinical results revealed no significant difference between two devices. These findings indicate that the adjustable-length loop does not loosen after ACL reconstruction. This study provides valuable quantitative information regarding the graft healing capacity 
Values are presented as mean ± standard deviation or number (%). IKDC: International Knee Documentation Committee. and loop lengthening of both femoral cortical suspensory devices. Femoral cortical suspensory fixation devices are currently an accepted standard fixation device for multistranded hamstring tendon grafts in ACL reconstructions. A number of in vitro studies have compared the biomechanical properties between fixed-length loop and adjustable-length loop devices. The studies found that all fixation devices had the necessary biomechanical effects to prevent a failure and displacement and to support loads in early rehabilitation. 7, 8) However, recent studies have expressed concern about adjustable-length loop cortical suspensory devices regarding loop lengthening and the potential for failure. 8, 12, 13) In the present study, shortening strands of the femoral cortical suspensory devices were secured with three half-hitch suture knots tied with an arthroscopic knot pusher to reduce loop lengthening. A potential disadvantage of fixed-length loop devices is that it does not allow for complete graft fill of the femoral tunnel socket due to a mismatch between the loop and tunnel length that can result in insufficient graft length. Some authors also expressed concern regarding the bungee-cord (longitudinal graft-tunnel motion) effect and windshieldwiper (sagittal graft-tunnel motion) effect in the bone tunnel. 17) In the present study, the loop was fixed using a 4.5-mm cortical screw with washer to the lateral femoral cortex after the button was removed.
This technique could draw in the maximum amount of graft relative to the depth of the femoral tunnel. In a study of Miyata et al., 18) femoral suspensory fixation with screw post showed excellent functional outcomes and biomechanical properties. However, there were disadvantages such as rapid relaxation or low stiffness of the graft, which could cause loop slippage during early postoperative rehabilitation period.
In this study, 3.0-T MRI was used to investigate graft healing and synovial fluid presence between the two groups approximately 6 months after ACL reconstruction. In a number of animal studies, 12 weeks were necessary for tendon to bone healing in the bone tunnel. 16, 19) On quantitative MRI evaluation, Terauchi et al. 14) reported the signal intensity within the femoral tunnels decreased with time at 3 and 6 months after single-bundle ACL reconstruction using autogenous hamstring tendons. Another study showed the active tendon graft remodeling occurred from 3 months after surgery and the remodeling process continued after 7 months. 20) During the time before incorporation, the graft is dependent on femoral fixation devices to maintain normal ACL graft tension. Therefore, if ACL grafts are not rigidly secured during the initial healing period, migration of the graft during early rehabilitation may occur and lead to persistent laxity, instability, and functional failure. Regarding the tendon graft and tendon-bone interface signal intensity in the femoral tunnel, the SNR values of the tendon grafts were similar in both groups. These findings indicate that the adjustablelength loop devices may have no inferior graft healing effect in the femoral bone tunnel compared to the fixedlength loop devices.
An important new finding was the presence of synovial fluid at the exit of the femoral tunnel. There was more synovial fluid present in the fixed-loop group although there was no significant difference between two groups. It appears that the implant-related failure in the bone tunnel may not only be the problem of the adjustable-length loop devices. There must have been more synovial fluid in the adjustable-loop group in a biomechanical study that showed adjustable-length loop devices experienced more lengthening than the fixed-length loop devices. 13) In contrast, our results indicate that fixed-loop cortical suspensory devices may also be susceptible to lengthening. We cannot explain the reason for the higher number of positive cases in the fixed-length loop group considering the presence of synovial fluid. We surmise that technical mistakes, such as incomplete femoral tunnel filling, may have been responsible for loop lengthening. For example, there were two cases with a large gap at the graft end in the femoral bone tunnel that seemed to have resulted from an obvious technical mistake: when the button was pulled through the femur, insufficient tension may have been applied.
There was no significant difference in clinical scores and physical examination results for at least 2 years after the operation between the two femoral cortical suspension fixation devices. These clinical results are supported by several studies that showed no clinical differences among the femoral fixation devices. Some studies reported no significant difference in anteroposterior stability and clinical scores among femoral fixation devices, such as cortical suspensory fixation, aperture interference screws, and trans-femoral fixation devices. 21, 22) Boyle et al. 23) recently reported their clinical results comparing fixed-and adjustable-length loop devices; no differences in postoperative laxity or graft failure rates were evident at the 2-year follow-up. During early postoperative rehabilitation period, graft relaxation and graft slippage could occur by lengthening of the fixation device.
1) It negatively affects functional outcomes and graft healing as the graft becomes lax. 1, 24) Although some synovial fluid was evident in several cases, clinical results at the 2-year follow-up showed significant improvement in both groups.
By the laboratory-based studies of ACL reconstruction, any associated findings in biomechanical studies were validated. 11) In our MRI evaluations and clinical assessments, the difference in displacement between fixedand adjustable-length loop devices observed in previous laboratory studies either did not occur in vivo or was clinically insignificant.
9,12,13) Therefore, it was our interest to determine whether there is any difference in graft healing in the femoral tunnel, implant-related failure, and clinical results between fixed-and adjustable-length loop devices after ACL reconstruction. This study provides valuable quantitative information regarding graft healing in the femoral tunnel, implant-related failure, and clinical results of both femoral cortical suspensory fixation devices.
This study has some limitations. The main limitation was the lack of direct comparison of the strength of the button plate in both devices because we removed the button plate of the fixed-loop device. Prior biomechanical results of various femoral cortical suspensory fixation devices indicated no significant difference in ultimate failure strength with respect to the button plate. Since we presumed that synovial fluid between the graft and the bone tunnel may interfere with graft healing, we chose to focus our analysis on reducing the gap at exit of bone tunnel. Another limitation of this study is that two patients in the adjustable-loop group had a wide gap between the graft end and the exit of the femoral bone tunnel and we did not measure the gap accurately; however, we believed this would enable the best comparison of graft healing in the femoral tunnel between two femoral cortical suspensory devices. Third, the length of MRI follow-up was relatively short to analyze graft healing in the bone tunnel. Previous studies have demonstrated that graft incorporation occurs in the early 8-to 12-week postoperative period 9, 25) with tissue healing response occrring within the bone tunnel in the 6 months postoperative period. 26) Based on such studies, 6-month postoeprative MRI may have been too early to determine graft healing. Fourth, the study did not use objective parameters, such as arthrometer testing, using only subjective tests on instability. Lastly, this was a retrospective study with a low final follow-up rate. In spite of such limitations, the significance of this study is that we found the adjustable-length loop device showed comparable graft healing, implant-related failure, and clinical results. Therefore, we believe it could be effectively used with an adjustment to the femoral tunnel length in ACL reconstruction.
